RNA cleavage is a fundamental host response for controlling viral infections in both plants and animals (26) . In higher vertebrates, this process is often regulated by interferons (IFNs), a family of antiviral cytokines discovered 50 years ago (50) . One of the principal IFN antiviral pathways involves activation of the ubiquitous cellular endoribonuclease RNase L (formerly 2-5A-dependent RNase) (125) . Recently, there has been progress in understanding how RNase L affects a range of different types of viral infections and how viruses counteract RNase L. Understanding how RNase L and viruses interact in vivo could contribute to therapeutic strategies for controlling pathogenic viruses (113) .
The 2Ј,5Ј-oligoadenylate synthetase (OAS)/RNase L system is an innate immunity pathway that responds to a pathogenassociated molecular pattern to induce degradation of viral and cellular RNAs and thereby block viral infections (Fig. 1A) . The pathogen-associated molecular pattern is double-stranded RNA (dsRNA), a type of nonself-RNA produced during infections by both RNA and DNA viruses. Viral dsRNAs include replicative intermediates of single-stranded RNA (ssRNA) viruses, viral dsRNA genomes, annealed viral RNAs of opposite polarities, and stem structures in otherwise single-stranded viral RNAs. dsRNA activates the pathogen recognition receptor 2-5A synthetase, or OAS, resulting in production of 2-5A [p x 5ЈA(2Јp5ЈA) n ; x ϭ 1 to 3; n Ն 2] from ATP ( Fig. 1) (45, 46, 55) . IFN signaling induces transcription of the OAS genes through IFN-stimulated response elements in the promoters (94) . Therefore, cells exposed to IFN as a result of ongoing viral infections have elevated levels of OAS that contribute to the IFN-induced antiviral state. The trimeric and tetrameric species [(2Ј-5Ј)p 3 A 3 and (2Ј-5Ј)p 3 A 4 ] are the principal forms of 2-5A produced in IFN-treated, virus-infected cells (57) . Needless to say, 2-5A species are very unusual nucleic acids because of their adjacent 2Ј to 5Ј phosphodiester bonds. In humans, OAS is a family of 8 to 10 different isoforms encoded by three functional genes (OAS1 to OAS3) and a single OASL gene encoding a related protein with two C-terminal ubiquitin-like domains that does not synthesize 2-5A (42, 52, 75, 88) . In mice, there are eight oas1 genes, in addition to oas2, oas3, and two oasl genes (54) . OAS1 species (p40/p46) have one catalytic domain and form tetramers, OAS2 species (p69/p71) have two catalytic domains and form dimers, while OAS3 (p100) has three catalytic domains and is a monomer (48, 88) . The different forms of OAS occupy different subcellular locations, have different dsRNA optima for activation, and synthesize 2-5A oligomers of different lengths (17, 47, 73) . A crystal structure of porcine OAS1 has led to structural and functional insight into the OAS proteins (41) .
The only well-established function of 2-5A is activation of RNase L (125) . RNase L was detected by cross-linking to radiolabeled 2-5A in extracts of several different mouse organs. In contrast, no 2-5A binding proteins were detected in organs of RNase L Ϫ/Ϫ mice (126) . Those findings suggested that 2-5A is a unique ligand for RNase L. Human RNase L is a 741-amino-acid polypeptide containing, from the N to the C termini, nine ankyrin repeats, several protein kinase-like motifs, and the RNase domain (Fig. 1B) . 2-5A binds to ankyrin repeats 2 and 4 (112), causing catalytically inactive RNase L monomers to form activated dimers with potent RNase activity (19, 28) . Specifically, RNase L cleaves within single-stranded regions of RNA, principally on the 3Ј sides of UpAp and UpUp dinucleotides, leaving 3Ј-phosphoryl and 5Ј-hydroxyl groups at the termini of the RNA cleavage products (31, 119) . 2-5A is degraded within minutes by 2Ј-phosphodiesterase and 5Ј-phosphatase activities within cells and in sera (51, 59, 101, 107) . Therefore, 2-5A is an early transient-response molecule or alarmone that signals antiviral innate immunity through RNase L activation. RNase L function is dampened by the RNase L inhibitor (RLI), an ATP binding cassette protein also known as ABCE1 (7) . While there is some evidence that RNase L prefers viral to cellular RNA (65), cellular RNAs, including rRNA in intact ribosomes, are also cleaved by RNase L (106, 118) .
Lessons learned from studying interactions between the OAS/RNase L system and many different types of RNA and DNA viruses are considered in the following sections, with an emphasis on more-recent in vivo studies.
RNA VIRUSES
Picornaviridae. Viruses in the Picornaviridae family, including pathogens such as poliovirus, coxsackievirus, and hepatitis A virus, have relatively small (7.2 to 8.4 kb) monopartite positive-stranded RNA genomes that replicate through partially double-stranded RNA intermediates (87) . Infections of IFNtreated cells with encephalomyocarditis virus (EMCV), of the Cardiovirus genus, activate OAS, causing accumulation of 2-5A (57, 106, 117) . The RNA activators of OAS in EMCV-infected cells are probably the viral replicative intermediates. This was evidenced, for instance, by the isolation from extracts of IFNtreated, EMCV-infected HeLa cells of a complex of OAS1 in an activated state bound to EMCV RNA of both (plus and minus) strands (34) . Ectopic expression of either OAS1 or RNase L suppressed replication of mengovirus (another picornavirus) (18) and EMCV (128) , respectively. In contrast, IFN was relatively ineffective against EMCV in cells expressing a dominant negative RNase L (43) . Furthermore, control and alpha interferon (IFN-␣)-treated mice lacking RNase L succumbed to EMCV infections more rapidly and at a higher rate than identically treated and infected wild-type (WT) mice (126) . Nevertheless, EMCV is not defenseless against the OAS/RNase L system. EMCV infection of cells that have not been exposed to IFN eliminates RNase L activity through a process that has yet to be elucidated (15, 105) . Exposure of cells to IFN prior to EMCV infection, however, prevented the loss of RNase L activity. These studies indicate that the OAS/ RNase L system contributes to the anti-EMCV activity of IFN.
Nevertheless, mice that either lack RNase L by itself or that are triply deficient for RNase L, RNA-dependent protein kinase (PKR), and Mx1 genes are still able to mount a significant residual IFN response against EMCV (127) . These findings illustrate the complexity of and redundancies in the IFN system.
Coxsackieviruses, of the Enterovirus genus, are common picornaviruses linked to a range of different human pathologies, including myocarditis, meningitis, diabetes, and colds (84) . RNase L-deficient mice are exquisitely sensitive to coxsackievirus B4 (CV-B4). At 23 days postinfection with 100 PFU by the intraperitoneal route, only 7% of RNase L Ϫ/Ϫ mice survived; in contrast, 62% of infected WT mice survived (30) . In isolated mouse pancreatic islet cells, RNase L was also required for an efficient IFN-␣ response against CV-B4. However, CV-B4 infection of endogenous pancreatic islets could not be detected in infected mice lacking RNase L, PKR, and Mx1, suggesting that alternative pathways were operating. Poliovirus (PV), an enterovirus, causes paralytic disease or poliomyelitis in about 1 of 200 susceptible individuals (84) . Remarkably, an RNA structure present in the open reading frame for PV proteinase, 3C Pro , is a potent inhibitor of RNase L (39) . As a result, PV mRNA is resistant to cleavage by RNase L. The inhibitory PV RNA, a highly structured region of 303 nucleotides, is conserved among group C enteroviruses PV-1, PV-2, and PV-3 and coxsackievirus All (CAV-11), CAV-13, CAV-17, CAV-20, PV-21, and PV-24 but is absent in other human enteroviruses. PV yields in HeLa cells were unaffected by expression of either WT or dominant negative mutant (R667A) RNase L. RNase L activity, as measured by rRNA cleavage products, occurred only late in infection in cells containing WT RNase L but not in cells expressing the mutant RNase L. Surprisingly, PV engineered to lack the inhibitory RNA structure grew with a level of efficiency equal to that of the parental PV in HeLa cells expressing WT RNase L. However, the presence of WT RNase L resulted in increased PV plaque size, leading to the suggestion that the apoptotic function of RNase L during PV infections (12, 13, 126) facilitates release of the virus and increases cell-to-cell spread (39) . Perhaps a role of the PV RNA inhibitor of RNase L in pathogenesis will be evident once it is possible to test its role in vivo.
Theiler's virus is a murine picornavirus that persists in the central nervous systems of susceptible strains of mice (8) . The L* viral protein, encoded by an alternative reading frame, is implicated in viral persistence and localizes to the mitochondrial membrane, where it antagonizes the type I IFN response by interfering with the OAS/RNase L system (F. Sorgeloos and T. Michiels, personal communication).
Reoviridae. Reoviruses, members of the Orthoreovirus genus, have 10 dsRNA genomic segments that can reassort upon coinfection (100). Reovirus infections of HeLa cells resulted in IFN-dependent RNase L activation, as measured by specific rRNA cleavages (82) . Interestingly, a recent study showed that RNase L contributes to host shutoff of protein synthesis during reovirus infections (110). There was a decreased level of shutoff of host translation by reovirus strains in mouse embryonic fibroblasts (MEFs) lacking either PKR or RNase L, whereas no shutoff was observed in MEFs lacking both PKR and RNase L. Presumably, viral genomic dsRNA activates PKR and OAS, resulting in phosphorylation of eiF2␣ and production of 2-5A, respectively. As a result, rather than inhibiting viral replication, some strains of reovirus actually produce higher viral yields in WT MEFs than in PKR Ϫ/Ϫ or RNase L Ϫ/Ϫ MEFs (110). The S4 gene segment of reovirus encodes 3 protein, which has a structural role in the outer capsid but is also a dsRNA binding protein (22, 83) . Therefore, 3 is able to inhibit OAS and PKR activation in the context of a recombinant vaccinia virus (VV) lacking the E3L gene (5) (E3L encodes 25-and 20-kDa dsRNA binding proteins [116] ).
Togaviridae. Members of the Alphavirus genus, including Sindbis virus and Semliki Forest virus, are small, lipid-enveloped, monopartite positive-stranded RNA viruses (35) . In RNase L-deficient MEFs, Sindbis virus showed continuous synthesis of minus-strand templates (instead of shutting off at 4 h postinfection) and formed persistent infections (98) . It was concluded that RNase L has a role in the cessation of alphavirus minus-strand synthesis. However, mice lacking RNase L, PKR, and Mx1 (triply deficient) (127) develop only subclinical infections with Sindbis virus, unlike mice defective in the type I IFN receptor (IFNAR1 Ϫ/Ϫ mice), which rapidly succumb to infections (95) . Nevertheless, higher titers of the virus were observed in the draining lymph nodes of the triply deficient mice than in the identically infected WT mice. These findings suggest that while RNase L and PKR partially suppress Sindbis virus replication in vivo, alternative IFN antiviral pathways protect mice from fatal Sindbis virus infections.
Paramyxoviridae. Respiratory syncytial virus (RSV), a Pneumovirus in the Paramyxoviridae family of monopartite negativestranded RNA viruses, is a major cause of lower respiratory tract infections in very young children, immunocompromised patients, and institutionalized elderly patients (20) . Inhibition of OAS1 (p40) and OAS2 (p69) expression in cells with an antisense oligonucleotide inhibited the antiviral effect of IFN-␥ against RSV (6) . In addition, expression of RNase L inhibitor (RLI) suppressed the IFN-␥ effect against RSV. The potential of RNase L activator drugs to block RSV infections was demonstrated by targeting RSV genomic RNA with 2-5A linked to an antisense oligonucleotide against the RSV repetitive-gene start site (60) . The 2-5A antisense drug administered by the intranasal route to RSV-infected African green monkeys reduced viral yields by 4-log 10 units.
Orthomyxoviridae. Influenza A viruses contain multipartite genomes of eight single-stranded negative-sense RNAs and include major human pathogens responsible for devastating respiratory disease, notably the infamous 1918 Spanish influenza pandemic (120) . The NS1 protein of influenza A virus (NS1A) is a multifunctional virulence factor that counteracts innate immunity through binding both proteins and dsRNA (80) . A point mutation in the N terminus of NS1A, R38A, ablates dsRNA binding activity. A recombinant influenza virus, strain A/Udorn/72 with the NS1A R38A mutation, is highly sensitivity to inhibition by IFN-␤, in contrast to the WT virus, which is resistant to IFN-␤. The enhanced IFN susceptibility of the mutant virus was mediated predominantly through RNase L, because its depletion by small interfering RNA (siRNA) or its absence in RNase L Ϫ/Ϫ MEFs largely relieved the IFN-␤-mediated inhibition. The conclusion was that NS1A sequesters dsRNA from OAS, thereby preventing synthesis of 2-5A and activation of RNase L.
Flaviviridae. Members of the Flavivirus genus of the Flavivirdae family are monopartite, positive-stranded RNA enveloped viruses, including human pathogens propagated through mosquitoes that cause encephalitic syndromes (West Nile virus [WNV] and Japanese encephalitis virus) or severe hemorrhagic disease (yellow fever virus and dengue virus) (66) . In mice, a single gene on chromosome 5, the flavivirus resistance gene (flv), reduces flavivirus yields by up to 4-log 10 units and is specific for this group of viruses (97) . Astonishingly, flv was identified as the OAS1b (or L1) gene, one of eight OAS1 genes in the mouse genome, by the group of M. Brinton (86) , and the finding was confirmed soon thereafter by P. Despres and coworkers (76) . Combining results from these two studies, a C-to-T transition mutation in exon 4 of oas1b, which truncates 30% of the OAS1b protein from the carboxy terminus, occured among 11 flavivirus-susceptible strains, whereas 9 resistant mouse strains encoded full-length OAS1b. Expression of OAS1b cDNA in C3H/He cells at low (but not high) levels modestly inhibited WNV replication and delayed the cytopathic effect (86) . Also, induction of OAS1b but not the truncated mutant OAS1b (under control of a Tet-Off system) reduced WNV yields by 1-to 2.5-log 10 units in MEFs at early stages in the viral life cycle, correlating with reduced levels of positive-strand viral RNA (53) .
These results are intriguing and potentially immensely important to understanding the host defense to flaviviruses. How OAS1b functions to inhibit flaviviruses remains to be elucidated. The complete form of OAS1b lacks several amino acids believed to be required for 2-5A synthesis. Therefore, OAS1b likely has an alternative mode of action compared with those of other OAS species. For instance, it has been suggested that the OAS1b protein might recognize and bind to a conserved RNA structure unique to flaviviruses (86) . Alternatively, it has been proposed, based on sequence homologies, that OAS proteins are nucleases (92) . While this concept remains hypothetical, if some OASs are nucleases, OAS1b could potentially degrade WNV RNAs. Human polymorphisms in the RNASEL and OAS genes have been examined in isolates from patients hospitalized with WNV infections (123) . A synonymous single-nucleotide polymorphism in exon 2 of OASL that could possibly enhance mRNA splicing had a higher frequency in WNV-infected patients (P Ͻ 0.004), leading to the suggestion that the RNA transcript might undergo increased splicing resulting in a dominant negative isozyme.
There is also a well-substantiated anti-WNV effect of RNase L itself. In RNase L Ϫ/Ϫ MEFs, WNV yields were increased 5-to 10-fold compared with those of WT MEFs (99) . A similar effect was obtained by expressing a dominant negative RNase (99) or siRNA knockdown of RNase L (53). The absence of RNase L in mice resulted in increased susceptibility to peripheral (footpad) inoculations with WNV (96) . Deficiencies in both PKR and RNase L resulted in an enhanced susceptibility to WNV compared to that of the RNase L Ϫ/Ϫ mice. These results demonstrate significant contributions of both pathways to host resistance to WNV (loss of the type I IFN receptor produced an even greater susceptibility to WNV). PKR and RNase L contributed to the anti-WNV effect of type I IFN in primary macrophages and cortical neurons but not in peripheral neurons of the cervical ganglia. However, the absence of both PKR and RNase L failed to suppress the IFN-␤ inhibition of dengue virus in MEF cultures (23) . Despite cell type variability, the anti-WNV effect of RNase L in mice appears to be nonredundant with effects mediated by the oas1b/flv gene. Therefore, the OAS/RNase L system has at least two mechanisms for suppressing replication of flaviviruses; one is the classical pathway mediated through RNA cleavage by RNase L, and the other is a yet-to-be-defined alternative mechanism mediated by the OAS1b protein.
Hepatitis C virus (HCV), of the Hepacivirus genus of the Flavividae family, is a virus that has infected about four million adults in the U.S. and is a major cause of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (2) . Combination therapy with IFN and ribavirin can produce sustained responses against HCV in some patients (78) . However, genotype 1 HCVs, most common in the United States, are relatively IFN resistant in comparison to genotypes 2 and 3 (72) . In cell-free systems, HCV mRNA can activate OAS to produce 2-5A, causing the RNA to be degraded into fragments of 200 to 500 bases by RNase L. Perhaps the most cogent evidence that RNase L poses a threat to HCV is that IFN sensitivity correlates with the susceptibility of HCV mRNA to cleavage by RNase L (38) . Data suggest that RNase L activity during HCV infections causes selection of viral strains with decreased frequencies of UU and UA dinucleotides. Accordingly, there are fewer RNase L cleavage sites in IFN-resistant genotypes (1a and 1b) than in IFN-sensitive genotypes (2a, 2b, 3a, and 3b). Furthermore, silent mutations accumulate at these sites during IFN therapy of HCV1b-infected individuals. A relatively small number of UU and UA dinucleotides mediate the overall susceptibility of HCV RNA to RNase L (40) . Recently, UA and UU dinucleotide frequencies were compared among 162 HCV RNA sequences and were found to be among the leastabundant dinucleotides in HCV open reading frames (115) . Expression of the HCV1b polyprotein from a VV vector induced apoptosis in a manner that was RNase L dependent but PKR independent (33). These results suggest that HCV-mediated activation of RNase L could lead to apoptosis and elimination of HCV-infected cells.
Retroviridae. Human immunodeficiency virus (HIV), the cause of AIDS, is a lentivirus that has infected an estimated 33 to 46 million people worldwide (Joint United Nations Programme on HIV/AIDS; www.unaids.org). While dsRNA per se is not an intermediate in the life cycles of retroviruses, the transactivation responsive (TAR) region at the 5Ј termini of all HIV-1 mRNAs activates OAS (67, 103) , whereas Tat binding to TAR prevents OAS activation (102) . Ectopic expression of RLI decreased RNase L activity and caused a twofold increase in HIV yields (74) . However, interpretation of these experiments is complicated by the involvement of RLI (HP68) in the assembly of HIV-1 capsids (129). Expression of antisense RNA against RNase L mRNA decreased RNase L protein levels, increased HIV-1 yields, and reduced the anti-HIV effect of IFN-␣ (68). The latter findings suggest that RNase L exerts a modest effect against HIV-1 as part of the IFN antiviral response.
Xenotropic murine leukemia virus-related virus (XMRV) is a gammaretrovirus present in tumor-bearing prostate tissues of men that are homozygous for a variant of RNase L (R462Q) (114) . The human RNase L gene (RNASEL) was identified in 2002 as a candidate for the hereditary prostate cancer 1 (HPC1) gene based on a positional cloning/candidate gene method (9, 104) . Mutations at several sites in RNASEL, including the Q variant, which reduced nuclease activity by threefold, were observed in isolates from prostate cancer patients (11, 122) . Screening isolates from prostate cancer patients with a virus DNA microarray (ViroChip) led to the discovery of XMRV (114) . Remarkably, XMRV was found in 8 of 20 QQ patients but in only 1 of 62 RR or RQ patients, thus implicating RNase L in the suppression of XMRV infections of the prostate. XMRV infections were visualized by immunohistochemistry and fluorescence in situ hybridizations in a small proportion of prostate stromal cells. A full-length, infectious viral molecular clone of XMRV was cloned from prostate cDNA (27) . XMRV replication in the prostate cancer cell line DU145 was sensitive to inhibition by IFN-␤. However, the IFN antiviral effect was greatly reduced in LNCaP cells in which there is epigenetic silencing of the JAK1 gene and a mutation in one allele of RNASEL. In DU145 cells, siRNA knockdown of RNase L levels resulted in a partial reversal of the sensitivity of XMRV to IFN-␤ treatment. These experiments demonstrated that RNase L is necessary for a complete IFN antiviral response against XMRV. In addition, XMRV integration sites were mapped in prostate DNA.
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DNA VIRUSES

Poxviridae.
Although most viral studies on the OAS/RNase L system have been performed with RNA viruses, it is clear that some DNA viruses produce dsRNA species (through annealing of RNA strands of opposite polarity) that stimulate OAS to generate 2-5A. However, activation of RNase L does not always occur at the same time as 2-5A accumulation. In fact, the poxvirus vaccinia virus, a large DNA virus that replicates in the cytoplasm, is the most-potent known viral inducer of 2-5A (90). Up to 5 M of 2-5A was produced in VVinfected, IFN-treated cells (90) , about 25-fold more 2-5A than was obtained from EMCV-infected, IFN-treated cells (58) . VV induces a complex mixture of phosphorylated and nonphosphorylated 2-5A species as well as related compounds of unknown structure (89) . Accumulation of 2-5A occurs despite the presence of the VV-encoded E3L proteins that sequester dsRNA (116) . Therefore, one might have expected RNase L to have a potent effect against VV. However, despite high levels of 2-5A early after VV infection, activation of RNase L as measured by rRNA cleavage did not occur until late in infection (90) . Furthermore, VV yields were identical in WT MEFs and in MEFs lacking RNase L, PKR, and Mx1, and the susceptibility of mice to fatal infections with VV was unaffected by the absence of these proteins (121) . It is apparent, therefore, that at least in mice, VV is unimpeded by either RNase L or PKR. The mechanism by which VV inhibits RNase L in the presence of high levels of 2-5A remains unknown, but results suggest that VV produces, or induces the cell to produce, a factor that blocks RNase L activity. VV E3L suppresses activation transcription factor IFN regulatory factor 3 (IRF3), which is involved in IFN-␣ and IFN-␤ gene expression (109, 121) . VV lacking E3L replicated to about 10-fold-higher titers in RNase L Ϫ/Ϫ MEFs than in WT MEFs (121) , suggesting that E3L is one inhibitor of the pathway, in agreement with earlier studies (5, 91) . Expression of OAS and RNase L from recombinant VV (25) or overexpression of RNase L alone (128) overcomes inhibition and is highly effective in suppressing VV replication.
Herpesviridae. Herpes simplex virus type 1 (HSV-1) and HSV-2 (85) induced accumulation of 2-5A up to about 50 nM in IFN-treated human conjunctival Chang cells but not until late in infection (16 h) (14) . Furthermore, only low levels of RNase L-mediated rRNA cleavage products were observed, despite the fact that RNase L is typically highly activated by similar levels of 2-5A in IFN-treated EMCV-infected cells. RNase L also has little or no effect on host RNA degradation mediated by VHS, the HSV-1 virion host shutoff protein, in MEFs (111) . A possible explanation for the relative inactivity of RNase L in HSV-infected cells emerged from analysis of the types of 2-5A species produced. In HSV-infected cells, unlike in EMCV-infected cells, a complex mixture of 2-5A and 2-5A-related material was found, including some compounds that were inhibitory to RNase L. Other cell culture studies suggest that RNase L does participate in the anti-HSV-1 effect of IFN. In primary mouse trigeminal ganglion cultures, an absence of RNase L reduced the effects of mouse IFN-␤ expressed against the McKrae strain of HSV-1 (1, 10). The IFN-␣ effect against HSV-1 strain F was also greatly reduced in RNase L Ϫ/Ϫ PKR Ϫ/Ϫ MEFs compared with that in WT or PKR singlegene-knockout MEFs (56) . In vivo evidence for a role of RNase L in innate immunity to HSV infections has been mixed. Differences in the strains of HSV-1, routes of inoculation, and genetic backgrounds in the mice make direct comparison of these studies difficult. Intracerebral inoculation with HSV-1 (strain 17) killed all WT and RNase L Ϫ/Ϫ mice within 10 days (61). Therefore, under these conditions with this strain of HSV-1, RNase L failed to protect WT mice from fatal infections. However, application of the HSV-1 McKrae strain to unscarified corneas causes significantly higher levels of herpetic keratitis and results in a higher mortality rate in RNase L Ϫ/Ϫ mice than in WT congenic control mice (124) . Also, during acute ocular infections, an IFN-␤ transgene reduced HSV-1 McKrae levels in the eyes and trigeminal ganglia of WT but not RNase L-deficient mice (3) .
Surprisingly, lack of RNase L resulted in decreased pathology following vaginal infections of mice with HSV-2 strain 333 (29) . There was less-severe genital and neurological disease as well as a delay in mortality in HSV-2 infected RNase L Ϫ/Ϫ mice than in identically infected WT mice. The decreased pathology in the absence of RNase L was related to a restricted inflammatory response, with decreased CD4 ϩ T cell infiltration in the infected tissues. Skin allograft rejection, accompanied by a dramatic reduction in inflammatory infiltrates, was also delayed in RNase L Ϫ/Ϫ mice (108) . Therefore, the proinflammatory effect of RNase L can actually contribute to virusinduced pathology in some circumstances.
Polyomaviridae. Simian virus 40 is induced in IFN-␣ treated CV-1 monkey cells at most at only very low levels (3 nM) of the 2-5A species that activate RNase L (44). However, large amounts (up to 2 M) of related 2Ј,5Ј-linked oligoadenylates accumulate late in infection, but these compounds do not activate RNase L. The diversion of OAS to producing inactive 2-5A analogs is a viral strategy to evade the antiviral effect of RNase L. However, the identities of the 2-5A-related compounds formed in IFN-treated cells infected with VV, HSV, or simian virus 40 have never been determined.
Hepadnaviridae. IFN-␣/␤ produced in response to poly(I)/ poly(C) or to unrelated hepatotropic viruses inhibited hepatitis B virus (HBV) replication noncytopathically in HBV transgenic mice (77) . However, HBV transgenic mice that were RNase L ϩ/ϩ or RNase L Ϫ/Ϫ showed no difference in HBV replication than control transgenic mice with or without the administration of poly(I)/poly(C) or IFN-␥ (36) . Therefore, RNase L is not responsible for the anti-HBV effects of dsRNA or IFN-␥ observed in these mouse experiments.
HOW RNase L INHIBITS VIRAL INFECTIONS
The antiviral effect of RNase L occurs not through a single mechanism but through a combination of effects resulting from cleavages in different RNA substrates and depends on the virus and cell type ( Fig. 2 and Table 1 ). Most but not all RNA viruses are inhibited by RNase L at some level; however, most DNA viruses that have been examined are partially or completely resistant to the OAS/RNase L system. However, antiviral strategies that either enhance RNase L levels or its activity can inhibit DNA viruses from replicating.
RNase L SUPPRESSES VIRUS INFECTIONS
(i) Cleavage of viral genomic ssRNA prevents replication. Even a single cleavage event in a viral ssRNA genome will prevent that genome from replicating unless RNA recombination events regenerate full-length genomic RNA (32) . Evidence for genomic RNA strand cleavage by RNase L was obtained for EMCV (65) , and the fact that many ssRNA viruses are susceptible to RNase L lends support to the hypothesis (Table 1) . A mechanism whereby viral RNA is degraded while the infected cell survives is a preferred scenario for the organism if the infected cells are neurons or other essential cell types such as insulin-producing pancreatic islet cells.
( (4) . A large number of cellular mRNA species also fall prey to RNase L, as determined by RNA profiling experiments (70) . Nevertheless, nonspecific cleavage of RNA is unlikely to account for reovirus-induced shutoff of host protein synthesis because of a lack of correlation of reovirus strain differences in host shutoff with the extent of rRNA cleavages (110) . Whether RNase L and PKR can effectively differentiate between viral and cellular mRNA is an open question. However, what is clear is that degradation of cellular RNAs required for viral replication is a very effective strategy for blocking viruses.
(iv) Amplification of IFN-␣/␤ production by RNase L-generated small RNAs. RNase L cleaves single-stranded regions of RNA, leaving as cleavage products short duplex RNAs with 3Ј-phosphoryl groups (31, 40, 119) . These small RNA cleavage products signal through the RNA helicases RIG-I and MDA5, the adapter IPS-1, and transcription factors IRF-3 and NF-B to the IFN-␤ gene (69) . As a result, RNase L Ϫ/Ϫ mice produce significantly less IFN-␤ in response to viral infections (Sendai virus and EMCV) than identically infected WT mice. In addition, 2-5A induced IFN-␤ in WT mice but not in RNase L Ϫ/Ϫ mice, proving that self-RNAs cleaved by RNase L can signal innate immunity. Therefore, by relieving the requirement for sensing nonself (viral)-RNA, RNase L perpetuates and amplifies IFN production during antiviral innate immunity. These effects of RNase L extend beyond the initially infected cells to support a broader antiviral state in the organism.
(v) Elimination of virus-infected cells through apoptosis. Death of infected cells is the ultimate antiviral pathway, although one that can be costly to the organism. Sustained activation of RNase L or its activation beyond a threshold level causes the cell to spiral into an RNA damage stress response that culminates in apoptosis (12, 13, 126) . RNase L causes apoptosis in response to viral and nonviral apoptosis inducers (12, 13, 24, 68, 93, 126, 128) . Apoptosis initiated by RNase L is characterized by the release of cytochrome c from mitochondria and requires caspase 3 activity (93) . In addition, c-jun NH2-terminal kinases are involved in RNase L-mediated apoptosis (49, 64) . RNase L effects on the mRNA stability of mitochondria that could contribute to apoptosis have also been described (16, 62, 63) . The ability of RNase L to induce apoptosis suggests a tumor suppressor function of the OAS/RNase L pathway and therapeutic strategies based on RNase L activators (71) . This work was supported by a grant from the NIH (NCI; grant number CA044059).
